Abstract An improved method to retrieve electron density profiles from Global Positioning System (GPS) radio occultation (RO) data is presented and applied to Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) observations. The improved inversion uses a monthly grid of COSMIC F region peak densities (N m F 2 ), which are obtained via the standard Abel inversion, to aid the Abel inversion by providing information on the horizontal gradients in the ionosphere. This lessens the impact of ionospheric gradients on the retrieval of GPS RO electron density profiles, reducing the dominant error source in the standard Abel inversion. Results are presented that demonstrate the N m F 2 aided retrieval significantly improves the quality of the COSMIC electron density profiles. Improvements are most notable at E region altitudes, where the improved inversion reduces the artificial plasma cave that is generated by the Abel inversion spherical symmetry assumption at low latitudes during the daytime. Occurrence of unphysical negative electron densities at E region altitudes is also reduced. Furthermore, the N m F 2 aided inversion has a positive impact at F region altitudes, where it results in a more distinct equatorial ionization anomaly. COSMIC electron density profiles inverted using our new approach are currently available through the University Corporation for Atmospheric Research COSMIC Data Analysis and Archive Center. Owing to the significant improvement in the results, COSMIC data users are encouraged to use electron density profiles based on the improved inversion rather than those inverted by the standard Abel inversion.
Introduction
In the decades since the proof of concept Global Positioning System (GPS)/Meteorology experiment, the technique of GPS radio occultation (RO) has proven to be an important source of observations in the troposphere, stratosphere, and ionosphere. In addition to being widely used for scientific studies to understand basic physical processes, GPS RO observations have proven valuable for operational tropospheric numerical weather prediction and ionosphere nowcasting and short-term forecasting [Anthes et al., 2008; Anthes, 2011; Yue et al., 2014] . In the ionosphere, the GPS RO technique is primarily used to obtain electron density profiles using the Abel inversion. GPS RO electron density profiles are an especially useful observation owing to the ability to sample the ionosphere globally at all local times. Additionally, GPS RO observations are advantageous due to their ability to profile the ionosphere from the E region to the topside ionosphere.
The accuracy of the Abel inverted GPS RO electron density profiles has been established through extensive comparisons with independent observations. Owing to the large number of available ionosonde observations along with their reliable determination of the F region peak parameters, GPS RO electron density profiles have mainly been validated through comparison with ionosonde observations of the F region peak density (N m F 2 ) and peak height (h m F 2 ). GPS RO observations have a root-mean-square error of ∼10-20% with respect to ionosonde N m F 2 and are within ±30 km of ionosonde measured h m F 2 . These values are consistent across numerous studies as well as for different low-Earth orbit satellites and thus can be regarded as an accurate representation of the error at F region altitudes [Schreiner et al., 1999; Jakowski et al., 2002; Lei et al., 2007; McNamara and Thompson, 2014] . Schreiner et al. [2007] compared collocated GPS RO electron density profiles and found interprofile differences to be ∼10 3 cm −3 . Based on these comparisons, the GPS RO electron density profiles can be considered as both an accurate and precise observation of the ionosphere, at least at F region altitudes. 100% for Abel inverted GPS RO electron density observations when compared to ionosonde observations in the E region. The large errors in the E region primarily arise due to the presence of large horizontal gradients in the F region daytime low-latitude ionosphere. Horizontal gradients in the F region, and topside ionosphere, also impact the retrieved electron densities at F region altitudes; however, the errors due to the Abel inversion are generally smaller in the F region compared to those in the E region. As the locations of the gradients are largely stationary from day to day, they give rise to systematic errors in the equatorial E region ionosphere . The nonrandom, systematic, nature of the Abel inversion error means that it can introduce spurious features into climatological studies of the ionosphere that are based on GPS RO observations. For example, the Abel inversion can introduce artificial plasma caves in the equatorial ionosphere, as well as generate an artificial wave number 4 variation in longitude at E region altitudes Liu et al., 2010; Yue et al., 2012a] .
Given the known errors associated with the Abel inversion spherical symmetry assumption, there have been many investigations into different methods for improving the GPS RO electron density profiles. The most straightforward methods make use of information on the structure of the ionosphere horizontal gradients in order to perform an aided Abel inversion. This approach has typically relied on either empirical models, such as the International Reference Ionosphere (IRI), vertical total electron content (VTEC) maps, or a combination of empirical models and observations [e.g., Hernandez-Pajares et al., 2000; Garcia-Fernandez et al., 2003; Nicolls et al., 2009; Yue et al., 2012b; Guo et al., 2015; Wu et al., 2015] . Constraining the inversion through a priori information of the three-dimensional structure of the ionosphere has also been employed [e.g., Hajj et al., 1994; Schreiner et al., 1999] ; however, Schreiner et al. [1999] found no statistical improvement of this approach compared to the standard Abel inversion when compared to ionosonde observations of the F region peak. Yue et al. [2011] demonstrated that performing a Kalman filter data assimilation retrieval leads to improved electron density profiles compared to the standard Abel inversion.
Despite the aforementioned research efforts into improving the standard Abel inversion, an improved inversion for GPS RO electron density profiles has yet to be implemented in routine GPS RO data processing. As a result, the space weather community has relied on GPS RO electron density profiles based on the Abel inversion for research activities. This is potentially problematic owing to the previously discussed systematic errors in the Abel inverted electron density profiles. In the present study, we report on an improved ionospheric inversion for the Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) GPS RO observations. Results are presented that demonstrate the positive impact of our improved inversion on the COSMIC electron density profiles relative to electron density profiles obtained with the standard Abel inversion. The improved ionospheric inversion is now implemented in the University Corporation for Atmospheric Research (UCAR) COSMIC Data Analysis and Archive Center (CDAAC) routine data processing, and the resulting electron density profiles are currently available to the community for use in scientific studies.
COSMIC Observations
Launched in April 2006, COSMIC consists of six microsatellites in ∼800 km and 72 ∘ inclination orbits. The main objectives of COSMIC are to use GPS RO to profile the neutral atmosphere from the surface to the midstratosphere (∼50 km) and ionosphere, as well as demonstrate the impact of near real-time GPS RO observations on operational numerical weather prediction [Anthes et al., 2008] . Currently, the UCAR CDAAC ionosphere observations include the line of sight integrated absolute total electron content (TEC) and vertical electron density profiles that are obtained using the Abel inversion [Yue et al., 2014] . Though COSMIC absolute TEC data have been used for scientific studies, they are primarily used in ionospheric data assimilation [Komjathy et al., 2010; Yue et al., 2012c; Gardner et al., 2014] . The majority of scientific studies are based on the COSMIC vertical electron density profiles. In the UCAR CDAAC processing, the electron density profiles are derived based on the GPS L1 and L2 phase observations and application of the Abel inversion [Lei et al., 2007] . As noted in section1, the Abel inversion assumes a spherically symmetric ionosphere, and this can lead to large, systematic, errors in the retrieved electron density below the F region peak . 
Methodology
Motivated by the known errors in the Abel inversion that arise due to the spherical symmetry assumption, we have developed an approach that utilizes information on the horizontal gradients based on COSMIC observations to aid the Abel inversion. We thus obtain an improved ionosphere electron density profile that is not reliant on the assumption of spherical symmetry. The first step in our improved inversion is to determine the monthly mean distribution of N m F 2 in latitude, longitude, and local time. This is accomplished by generating a monthly mean grid of N m F 2 based on COSMIC observations processed using the standard Abel inversion. The center points of the grid are 1 ∘ in latitude and 20 ∘ in longitude, with a temporal resolution of 0.5 h in local time (LT). The bin widths are 1.0 h in LT, 2.0 ∘ in latitude, and 40 ∘ in longitude. That is, observations within ±0.5 h LT, ±1.0 ∘ latitude, and ±20 ∘ longitude are used to determine the mean N m F 2 for a given grid point. Any N m F 2 observations that are outside of 1 standard deviation of the mean are removed in order to minimize the impact of potential outliers. We use all observations within a single calendar month to generate the N m F 2 grid. Note that by using all observations for a given month to generate the N m F 2 grid, we are assuming that the spatial distribution of the ionosphere electron density is stationary throughout the month. This is a reasonable assumption for the large-scale ionosphere features, such as the equatorial ionization anomalies, hemispheric asymmetry, and local time variability. Nonetheless, day-to-day variability due to lower atmosphere forcing or geomagnetic activity can reach 20-30% [Rishbeth and Mendillo, 2001] , and this day-to-day variability violates our assumption of a stationary ionosphere within a month. However, a month of COSMIC observations is necessary to adequately capture the latitude, longitude, and local time variability of the ionosphere, and it is thus necessary to make the assumption that the structure of the ionosphere is constant during 1 month. Future missions, such as COSMIC-2, will allow the N m F 2 distribution to be obtained on shorter time periods, which is anticipated to improve the technique presented herein.
The information on horizontal gradients obtained from the monthly mean N m F 2 grid is used to aid the Abel inversion following the method outlined in Yue et al. [2012b] . In this approach, the electron density in a given ionospheric layer is assumed to follow the same spatial and temporal variation as the monthly mean N m F 2 . In particular, considering the geometry shown in Figure 1 , we assume that the relationship between the electron density at the tangent point and the electron density at point C along the same spherical layer follows the same relationship as the N m F 2 at the location of the tangent point and point C (i.e.,
). The same relationship is assumed between the tangent point and point G. We note that the locations of points C and G, and thus the values of NmF2 C and NmF2 G are obtained based on the location of the tangent point along with the locations of the COSMIC and GPS satellites during a single occultation event. For each tangent point during an occultation event, the values of NmF2 TP , NmF2 C , and NmF2 G are determined based on spatial and temporal interpolation of the N m F 2 grid to the location and LT of the tangent point and points C and G, respectively. Given these values, we subsequently calculate what we refer to as an asymmetry factor (
, which represents an average of the horizontal gradients that are present in an individual spherical layer. Last, we modify the standard Abel inversion (Lei et al. [2007] equation (5)) to account for the horizontal gradients within each layer through inclusion of the asymmetry factor.
In order to briefly illustrate our approach, Figure 2 shows the N m F 2 grid at 1500 LT for March, June, September, and December 2009. The corresponding monthly median distribution of the asymmetry factor between 1300 and 1700 LT for these months is shown in Figure 3 . Note that the results in Figure 3 are based on the asymmetry factor at the F region peak height and are dependent upon the N m F 2 grid as well as the specific occultation geometry. An asymmetry factor of 1.0 corresponds to a spherically symmetric ionosphere. Values further away from 1.0 indicate greater ionospheric asymmetry. Characteristic features of the ionosphere, such as the hemispheric asymmetry during solstices, equatorial ionization anomalies, and longitudinal variability, are all clearly evident in Figure 2 . Sharp ionospheric gradients are also evident not only in the equatorial region but also at middle to high latitudes. It is important to note that the asymmetry factor varies with the location (latitude, longitude, and altitude) of the occultation tangent point, and the full altitude profile of the asymmetry factor is considered in our improved Abel inversion. The asymmetry factor at a single height, such as shown in Figure 3 , should only be considered as an example of the general structure of the asymmetry factor. Furthermore, we note that in the equatorial region, the geographic location of the tangent point may be in a region of positive asymmetry factor at the top of a profile and negative asymmetry factor at the bottom. Such large changes throughout the course of a profile will have a significant impact on the retrieved electron density profile. Considering the asymmetry factors in Figure 3 , it is clear that the spatial gradients in the N m F 2 grid, combined with the COSMIC occultation geometry, gives rise to regions where the occultations traverse a highly asymmetric ionosphere. Furthermore, these regions vary significantly in latitude and longitude as well as with season. This demonstrates the need to account for both spatial and temporal variability in the ionospheric asymmetry. Though not shown, year-to-year variability also exists.
We briefly note that we have assessed several alternative methods for developing an improved GPS RO electron density inversion. In particular, we tested multiple approaches for obtaining the ionospheric horizontal gradients from the initial Abel inverted COSMIC electron density profiles. The same method that we have employed using N m F 2 observations was applied to the COSMIC integrated VTEC as well as for a four-dimensional electron density grid (i.e., grid in height, latitude, longitude, and local time). The best results were obtained using information on the horizontal gradients based on N m F 2 observations, which may be attributed to the Abel inverted electron densities providing incorrect information on the horizontal gradients below the F region peak due to the large errors at these altitudes. Iterating upon the inversion results was also tested. However, additional iterations yielded only minimal improvements, and we thus only perform a single iteration. The International Reference Ionosphere (IRI) and ground-based GPS TEC global ionosphere maps (GIM) have also been tested for providing information on the horizontal gradients, with neither performing as well as the COSMIC N m F 2 observations. This may be due to the fact that the IRI and GIM horizontal gradients are weaker due to their relative smoothness in space and time. Last, it should be noted that we generate a single grid for a given calendar month largely to simplify computation within the current UCAR CDAAC processing architecture. Separate tests indicate that this does not significantly impact results compared to generating a daily grid using a running window of observations.
Results and Discussion
As previously discussed, the error due to the Abel inversion spherical symmetry assumption is largest in the E region at low and equatorial latitudes. We therefore anticipate that our improved inversion will have the most significant impact at these locations. To illustrate the improved quality of the COSMIC electron density profiles at E region altitudes, Figures 4 and 5 show the magnetic latitude-local time distribution of the median electron density at 100 km altitude for the month of March from 2007 to 2013. Results are shown for the standard Abel inversion (Figures 4a, 4d, 4g , 4j, 5a, 5d, and 5g), N m F 2 aided inversion (Figures 4b, 4e, 4h, 4k , 5b, 5e, and 5h), and their difference (Figures 4c, 4f, 4i, 4l , 5c, 5f, and 5i). Although we only present results for March, the results can be considered as representative of the general behavior of the different inversion methods throughout the year. The impact of the N m F 2 aided retrieval is clearly evident in Figures 4 and 5 , and the electron density changes exceed ±0.5 × 10 5 cm −3 . This corresponds to changes of roughly 30-40%, and the N m F 2 aided inversion therefore introduces substantial changes to the E region densities. Furthermore, there are several features of the electron density distribution that are considerably improved by the N m F 2 aided Abel inversion. First, the occurrence of three electron density maxima at low latitudes during the daytime is evident in the standard Abel inversion, and this is the characteristic feature of the artificial plasma cave that results due to the spherical symmetry assumption [e.g., Yue et al., 2010] . Results for the N m F 2 aided inversion illustrate that the equatorial maximum is nearly eliminated, and the maxima that occur near ±20-30 ∘ magnetic latitude are shifted equatorward. The regions of negative electron density, indicated by the black contours in Figures 4 and 5, are also significantly reduced at low latitudes, further demonstrating the overall improvement of the N m F 2 aided retrieval compared to the standard Abel inversion at E region altitudes. However, we note that the N m F 2 aided Abel inversion leads to slightly larger regions of negative nighttime E region electron densities between ∼40 and 60 ∘ N. The slight degradation at these latitudes during nighttime is thought to be due to the significant day-to-day variability that occurs in the nighttime ionosphere at middle latitudes [e.g., Rishbeth and Mendillo, 2001] , which violates our assumption that the ionosphere is stationary during 1 month.
Figures 6 and 7 illustrate the magnetic latitude-local time distribution of the median electron density at 200 km for March from 2007 to 2013. The salient features discussed in regards to the results at 100 km are again apparent at 200 km. In particular, we again note a reduction in the occurrence of the artificial plasma cave structure and a decrease in the regions of negative electron density. However, the results at 200 km for the N m F 2 aided inversion still exhibit an equatorial maximum with minima occurring near ±10 ∘ magnetic latitude. These are considerably weaker compared to the standard Abel inversion and are more consistent with other observations and simulations that indicate a relatively weak equatorial maximum does occur near 200-250 km [Lee et al., 2012; Chen et al., 2014] .
Although the results in Figures 4-7 are generally consistent from year to year, there is an apparent degradation of the N m F 2 aided inversion in the later years, especially for 2011-2013. We consider the reduced quality of the results in 2011-2013 to be primarily due to a decrease in the overall number of occultation events as the COSMIC satellite performance degrades over time. Fewer occultations results in the N m F 2 grid generation process being less robust and more sensitive to potential outliers. Additionally, our approach makes the assumption that the gradients in the ionosphere are stationary over 1 month, and this may be a less valid assumption as solar and geomagnetic activity increases from solar minimum ( [2012] [2013] . While the improvement of the N m F 2 aided inversion relative to the standard Abel inversion is not as good during the later years of the COSMIC mission, the improvement does remains significant and still considerably improves the electron density profiles at E region altitudes.
To further illustrate the impact of the N m F 2 aided inversion on the electron density profiles, Figures 8 and 9 show the zonal mean electron densities during September 2008 (a-c) and 2013 (d-f ) as a function of altitude and magnetic latitude for 0000-0200 LT and 1300-1500 LT, respectively. These results are considered as representative of solar minimum (2008) and maximum (2013) conditions, as well as for early (2008) Figure 8 demonstrate that the N m F 2 aided inversion tends to have a relatively minor impact on the nighttime ionosphere. This is consistent with the results in Figures 4-7 and is due to the fact that the nighttime ionosphere tends to not have large horizontal gradients, making the Abel inversion spherical symmetry assumption appropriate. There are, however, significant differences between the standard Abel inversion and the N m F 2 aided inversion during the daytime, and the impact extends from the E region to the topside ionosphere. The clear reduction of the artificial plasma cave structure in the N m F 2 aided inversion results is again apparent in Figure 9 . However, we again note that a weak equatorial maximum is present. The weak equatorial maximum may remain due to the N m F 2 aided inversion not fully removing the retrieval error, which we consider a possibility due to the relatively fewer number of occultations in the equatorial region. Alternatively, this may be indicative that a weak plasma cave structure does exist in the equatorial ionosphere. In addition to changes at E region altitudes, the results in Figure 9 demonstrate that clear differences between the standard Abel inversion and N m F 2 aided inversion also occur in the daytime F region. In particular, we note that the N m F 2 aided inversion leads to equatorial ionization anomalies (EIAs) that are more distinct and with slightly larger electron densities in the EIA crests. This results in an apparently stronger EIA for the N m F 2 aided inversion compared to the standard Abel inversion, especially when characterizing the EIA strength using typical methods such as the crest-to-trough ratio. The Abel inversion spherical symmetry assumption tends to smooth the EIA [e.g., Yue et al., 2010 Yue et al., , 2015 , and the results of the N m F 2 aided inversion are therefore consistent with what is expected based on prior theoretical studies. Based on the results in Figures 9 and 10 , it is clear that in addition to the large changes at E region altitudes, our improved inversion also has a positive impact on the F region ionosphere. We conclude our discussion by presenting a brief validation of the N m F 2 aided inversion electron densities at F region altitudes. We follow the same approach as Pedatella et al. [2015] and compare the GPS RO electron densities with in situ observations from the CHAllenging Minisatellite Payload (CHAMP) and Communications/Navigation Outage Forecasting System (C/NOFS) satellites. Note that we choose to compare the GPS RO electron densities with in situ satellite observations since this approach provides information on the spatial distribution of errors which is not readily obtained through comparison with ground-based ionosonde observations. The results of the comparison are shown in Figure 11 for both the standard Abel retrieval and the N m F 2 aided retrieval. Note that the results in Figure 11 are the mean difference between COSMIC GPS RO and the in situ observations ( COSMIC−CHAMP CHAMP × 100%). Results for the standard Abel inversion in Figures 11a and 11c show regions of negative error (i.e., GPS RO electron density is less than the in situ density) near ±5-15 ∘ magnetic latitude with positive error along the magnetic equator during the daytime. This feature is characteristic of the Abel inversion error. Although it is still present, the strength of this feature is reduced in the results for the N m F 2 aided inversion. At midlatitudes, the magnitude of the errors tends to be reduced by less than 5%, indicating a relatively small positive impact of the N m F 2 aided inversion compared to the standard Abel retrieval. A notable reduction in error is also found to occur near ∼0400 LT in the equatorial region. In Figure 11 , it is clear that the improvement of the N m F 2 aided inversion is more significant when compared with CHAMP in situ observations than when compared to C/NOFS observations. This difference is related to the higher altitude of the C/NOFS satellite, and the fact that the Abel inversion error decreases with altitude combined with the minor impact of the N m F 2 aided inversion on electron densities above 400-500 km (Figures 9 and 10) . We would therefore not expect to see significant differences between the N m F 2 aided Abel inversion and the standard Abel inversion when compared to the C/NOFS observations. 
Summary and Conclusions
An improved inversion for COSMIC GPS RO electron density profiles is presented in the current study. The improved inversion modifies the standard Abel inversion by taking into account information on horizontal gradients in the ionosphere. The horizontal gradient information is based on the monthly mean N m F 2 derived from the standard Abel inversion and thus relies solely on the GPS RO observations. The N m F 2 aided inversion has a significant positive impact on the GPS RO electron density profiles at E region altitudes. The most notable impacts are a reduction of the artificial plasma cave that is generated by the Abel inversion spherical symmetry assumption in the daytime E region, as well as decrease in negative electron densities at E region altitudes. Though not as significant, the improved inversion also has an impact on electron densities in the F region. In particular, the N m F 2 aided inversion results in larger F region electron densities in the EIA crests, leading to a more distinct EIA. The N m F 2 aided inversion also results in a slight improvement of the COSMIC GPS RO electron densities relative to independent in situ observations of electron density at F region altitudes.
The COSMIC electron density profiles based on the improved inversion that are the topic of the current study are available for use by the scientific community through the UCAR CDAAC (http://cdaac-www. cosmic.ucar.edu/cdaac/). The new profiles are currently available beginning in April 2015 and will be made available in the near future for the length of the entire COSMIC mission (April 2006 to present). The new profiles are available as the igaPrf (ionosphere grid aided profile) Level 2 data product. Electron density profiles using the standard Abel inversion (Level 2 ionPrf ) will remain available and will continue to be processed in the future. We do, however, suggest that users use the igaPrf data product for scientific studies due to the notable improvements over the existing ionPrf electron density profiles. A similar data product is planned and will be made available for the upcoming FORMOSAT-7/COSMIC-2 mission.
